A rapid method has been developed and used to search for restriction fragment length polymorphisms (RFLPs) that are in linkage disequilibrium with diseaseassociated loci. By using genomic blot-hybridization analysis with DQ (-chain and DR fl-chain cDNA probes, we examined DNA polymorphisms within the HLA class II loci associated with susceptibility to insulin-dependent mellitus (IDDM). To facilitate the search for informative RFLPs, we compared pooled DNA samples from IDDM patients with pooled DNA samples from randomly selected control individuals, instead of using the conventional approach of examining DNA samples from individuals in two groups. (The conditions under which this approach is useful are treated theoretically in the Appendix.) Several specific polymorphic restriction fragments associated with IDDM were revealed by using this economical and rapid approach. The restriction enzymes and probes identified as informative in this screening were then used to analyze HLA-DR-typed IDDM families, homozygous typing cells, and unrelated individuals to determine the association of the specific restriction fragments with HLA-DR serological type and the frequency in control and IDDM populations. Some individual polymorphic fragments for which the IDDM population was enriched correlated strongly with HLA-DR3, whereas others correlated strongly with HLA-DR4. Some fragments (e.g., a 10-kilobase Taq I fragment detected with the DRY3 probe) that were more prevalent in the IDDM population subdivided the serologically defined HLA-DR type and may be informative markers for IDDM susceptibility.
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DNA polymorphisms tightly linked to loci at which mutations cause disease or disease susceptibility can serve as useful genetic markers to elucidate modes of inheritance and as a tool for genetic diagnosis. If a particular polymorphic variant is in linkage disequilibrium with the disease-related locus, then the DNA polymorphism can be informative beyond its value as a marker in linkage analysis, as was the association between sickle-cell anemia and a 13-kilobase (kb) Hpa I restriction fragment of the /8-globin gene (1) .
Genetic susceptibility to a number of diseases shows linkage as well as association in population studies with specific serologically defined variants of the HLA class I and class II loci (reviewed in ref. 2) . These loci encode cell surface glycoproteins that mediate a variety of immune functions. The association of many diseases that have an autoimmune component, such as insulin-dependent diabetes mellitus (IDDM), with serologically defined class II variants (HLA-DR types) suggests the existence of disease-susceptibility-related genes in linkage disequilibrium with specific serologic markers. It is not known whether the class II gene products are themselves involved in disease causation and, if so, whether the variants of the polymorphic sequences that form the basis of immunologic typing are the same ones that confer disease susceptibility.
The genetic basis of IDDM susceptibility is complex; 60-80% of the genetic component is thought to be HLAlinked (3) , and the penetrance, as revealed by monozygotic twin studies, is about 50o (4) . IDDM has been associated in population studies with the serologically defined DR3 and/or DR4 specificities; about 90% of IDDM patients are either DR3 and/or DR4, compared to about 55% of control individuals (5). The relatively low proportion of DR3 and DR4 individuals who develop IDDM may reflect the incomplete penetrance as well as the apparent genetic heterogeneity (6) (7) (8) (8, 15, 16) in hope ofincreasing the utility ofthe HLA markers in predicting susceptibility to diseases. The standard procedure for identifying informative DNA polymorphisms utilizes a cloned HLA sequence as a hybridization probe and compares the restriction fragment patterns obtained with a variety of restriction enzymes in Southern blots (17) of DNA samples from diseased and normal individuals. This analysis represents a search for (i) enzymes that reveal polymorphisms and (ii) those specific fragments whose frequency is increased in the patient population. This screening procedure is long, laborious, and consumes large amounts of DNA. We have devised a short-cut method for identifying polymorphic restriction fragments in linkage disequilibrium with diseaserelated loci that also requires much less genomic DNA. The method is based on the use of pooled preparations of DNA derived from individual blood samples, thereby creating a "control" and a "disease" DNA pool. If restriction digests of these pools are analyzed by Southern 10 Ag of DNA from the control or diabetic pool was digested with various restriction enzymes under conditions suggested by the supplier (New England Biolabs). Special care was taken to ensure that all digestions were complete. The digested DNAs were ethanol-precipitated and resuspended in 10 mM Tris Cl, pH 7.9/1 mM EDTA before electrophoresis (35 V, overnight) in 17-cm-long agarose gels. The agarose concentration was either 1.3% (experiments with Msp I, Taq I, and Rsa I) or 0.7% (for the remaining enzymes). Southern transfer to Genentran filters, nick-translation, hybridization, and washing procedures were carried out as described (18) . Nick-translated plasmids containing DQ(3, DR(3, or DRa cDNA inserts (18, 19) had specific activities between 108 and 109 cpm/4g. Autoradiograms were exposed 7-10 days at -700C, using Kodak XAR-5 film with intensification screens.
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RESULTS
Our approach toward the discovery of informative HLA polymorphisms was to compare the fragment-intensity patterns of pooled DNA samples from normal and IDDM individuals subjected to restriction enzyme digestion, Southern blotting, and hybridization with various HLA class II cDNA probes. To test whether the pool method could detect a specific polymorphic fragment whose frequency was already known to be elevated in the IDDM patient population (8, 14) , the analysis of DNA pools was carried out initially using Bgi II and the'DRa probe. Polymorphism in two Bgi II restriction sites located at the 3' end of the HLA-DRa locus gives rise to three allelic variants: a 3.8-, a 4.2-, and a 4.5-kb Bgi II fragment (8 fragments were not significantly different in the control and IDDM lanes. For any individual band, equivalent intensities reflect the presence of either an invariant fragment in the population or a polymorphic fragment in linkage equilibrium with IDDM. Such a polymorphic fragment would not be an informative genetic marker for IDDM susceptibility, beyond its use in linkage analysis. Some enzymes generated bands that were more intense in the control than in the IDDM pool (e.g., Xba I, with the DQ/3 probe). The analysis with the DQB probe of BamHI-digested DNA pools (data not shown) revealed a 3.7-kb fragment present in the control but not the IDDM lane, consistent with a previously reported observation using individual samples (15) . These polymorphic fragments whose frequencies are elevated in the control pool represent potentially useful markers for IDDM susceptibility; however, in the absence of a corresponding allelic-fragment variant that is increased in the IDDM pool, it is difficult to determine the familial segregation pattern and population distribution of the polymorphic restriction site. Intensity differences between control and diabetic pools for the EcoRI and Pst I fragments previously reported to be increased among IDDM patients (15) were not observed in our samples. The pool analysis did, however, reveal several other restriction fragments whose intensities were increased in the IDDM pools (e.g., 1.5-kb and 2.7-kb Rsa I fragments, detected with the DQ/B probe). Since these polymorphic fragments represent potential new markers for IDDM susceptibility, their distributions in populations of randomly selected control individuals, IDDM patients, and HLA-DRtyped individuals, including donors of homozygous typing cells (HTCs), were examined. The genomic-blot patterns obtained with the DQ3 probe and Rsa I digests from a panel of homozygous-typing cells (Fig. 2a) and HLA-DR-typed control individuals (Fig. 2b and data not shown) indicated that all HLA-DR3 individuals (38/38) contain a 2.7-kb Rsa I fragment that hybridizes with the DQB probe; the fragment was not observed in DNA from 52 non-DR3 individuals. [In Fig. 2 , the faint band (slightly <2.7 kb) seen in the DR7-typed homozygous typing cell of donor LBF probably represents a different genomic fragment of comparable length.] A 1.5-kb Rsa I fragment that hybridized to the DQ.3 probe was present in most DR4 individuals (13/17 control and 27/30 IDDM); the other DR4 individuals all contained an allelic 1.8-kb fragment. In the normal samples examined, no non-DR4 individuals (0/16) contained the 1.5-kb fragment; however, we have observed the 1.5-kb fragment in DNA derived from four DR7 IDDM patients. The segregation ofpolymorphic DQ,3-related Rsa I fragments in 11 IDDM families showed that the 2.7-kb Rsa I fragment segregated with the DR3 haplotype, whereas the 1.5-kb (or 1.8-kb, in some of the families) fragment segregated with the DR4 haplotype. The results obtained with one representative family are shown in Fig. 3 .
Since the pool analysis with the DR/3 probe and Taq I had also revealed potentially informative polymorphisms, an analysis of HLA-DR-typed individuals and families was also carried out. The 7.3-kb DRJ-related Taq I fragment was found in 27 out of 27 DR3 individuals and in only 7 out of 26 non-DR3 types, whereas the 2.6-kb Taq I fragment is found in 28 out of 28 DR4 individuals and in only 8 out of 27 non-DR4 individuals. The 10-kb Taq I fragment subdivides DR3 and DRw6 haplotypes, two serologically related types, and may represent a new, informative marker for IDDM susceptibility deserving of further testing, since it is present in most IDDM DR3 haplotypes (9/10) but only about half (6/11) of control DR3 haplotypes.
DISCUSSION
Our analysis of DNA pools with the DQB and DRJ3 probes revealed several new polymorphic fragments that were increased in the IDDM population. These fragments are candidates for genetic markers in linkage disequilibrium with the putative IDDM susceptibility loci. New DNA markers could prove more informative than the serological DR3 and DR4 markers if (i) they subdivide existing serological types or (ii) they identify IDDM-susceptible individuals who are neither DR3 nor DR4. The distribution and family segregation of some ofthe DQ/3 and DR,3 polymorphic restriction fragments was examined in samples from individuals and was found to be correlated with either DR3 or DR4, consistent with the idea that the susceptibility loci associated with DR3 and DR4 may be different (2) . These markers may prove more informative than the serological ones.
Thus, the DQIB-related 1.5-kb Rsa I fragment identifies a number of non-DR4 IDDM individuals as well as 90%o of all IDDM DR4 individuals. In addition, the 10-kb Taq I fragment to detect differences between the control and disease pools. These considerations make it likely that the pool approach can be applied to the search for RFLPs in linkage disequilibrium with other disease-related loci involving limited molecular heterogeneity, once probes closely linked to those loci are available. subdivides the DR3 serological type and may represent a new and useful marker for IDDM susceptibility. Because it is 100o correlated with DR3 specificities, the DQ/3-related 2.7-kb Rsa I fragment cannot provide a better assessment of relative risk (2) for IDDM than can the DR3 marker. This fragment, however, could function as a specific marker for the DR3 type, with which it appears to be correlated absolutely. The Rsa I and Taq I sites that define these DQJ3 and DR,8 polymorphic fragments have been localized with genomic clones from IDDM individuals.
Studies that incorporate an additional control pool matched with the IDDM pool for DR serological specificities would be expected to reveal fragments whose distribution is different from that of the DR3 and DR4 types and should provide markers unique to chromosome 6 of IDDM-susceptible individuals regardless of DR specificity.
The discovery of RFLPs in linkage disequilibrium with a locus involved in disease causation or susceptibility can be laborious and time-consuming. Examination of 20 different restriction enzyme digests from each of 30 normal and 30 diseased individuals with 10 DNA probes, assuming each Southern blot were used only one time, would require 1200 blots (with 10 lanes each). In addition, if 5 ,ug from each individual DNA sample were used each time, a total of 1 mg of DNA from every individual to be screened would be needed. In comparison, analysis of the same number of individuals, with the same numbers of probes and enzymes, for informative polymorphisms by the pool method would require only 1/N times as much effort and DNA, where N is equal to the pool size.
In the Appendix to this paper, the conditions under which this approach is useful are treated theoretically. It is shown that, at various reasonable levels of disequilibrium (normalized disequilibrium >0.06) between a marker locus and the disease-related locus, the hybridization intensity ofthe marker fragment in the diseased pool will be at least 3 times greater than that in the control pool, provided that the allelic frequency of the polymorphic marker locus in the population is within an appropriate range (0.01-0.3). In general, the lower the marker-allele frequency in controls, the easier it is APPENDIX GLENYs THOMSON Department of Genetics, University of California, Berkeley, CA A two-locus, two-allele model is considered. (The results may be extended naturally to multiallelic models.) The first "locus", M, denotes the restriction fragment length polymorphism (RFLP), and thus is the marker locus. The two alleles M and m denote, respectively, the presence or absence of a particular RFLP. The second locus, D, with alleles D and d, is the disease-susceptibility-related locus. There are four gametic or chromosome types possible, namely MD, Md, mD, and md. The frequencies of these gametic types can be expressed in the well-known formulation in terms of allele frequencies and linkage disequilibrium, as illustrated in Eqs. 1. In our case, a second notation, in terms of allele frequencies and the ratio of marker presence to absence [k/(1 -k)] in gametes containing the diseaserelated allele D, is the appropriate one to use (20, 21) . This notation is also given in Eqs. The most general model of disease susceptibility allows all three genotypes DD, Dd, and dd to be disease-susceptible, with penetrance values for the three genotypes denotedf2,fj, and fo (22) . We restrict our consideration to intermediate models withfo = 0. For strict recessive models, fi = fo = 0; for additive models, f2 = 2ff; for dominant models f2 = fi.
(Since the results for dominant and additive models are very similar when the disease-predisposing allele frequency is not too large, we restrict our attention to the additive model, as the calculations are simpler in this case.)
By using the calculations of Thomson (21) If we require, for example, that the marker restriction fragment be at least 3 times more frequent in patients than in controls, then if A' = 1 (the disease allele only occurs in association with.this marker fragment) the method will detect the association for a recessive mode of inheritance of the disease if the control frequency of the marker restriction fragment is <0.3333. The frequency of the marker fragment in controls must be less than this if the association of the disease with the marker is not absolute (A' < 1). The proportion of cases that will satisfy the conditions of Eqs. 5 (see Table 1 ) cannot be calculated, but since the map distance over which significant linkage disequilibrium is found in the HLA region has been estimated as 2% (W. Klitz, personal communication), it appears that this approach will have great utility.
When A < 0, the maximum negative value that A can take is -PMPD when PM + PD c 1 and is -qMqD when PM + PD 2 1, so that when the marker restriction fragment is negatively associated with the disease (R < 1), R(recessive) = with 0 c A' s 1. (The second term is again halved for the additive case.) In this case we should in fact look at the inverse of R, denoted I, since the marker fragment will be more frequent in controls than in patients. If we require that the marker restriction fragment be at least 3 times more frequent in controls than in patients, then negatively associated markers with A' > 0.6667 will be detected,
